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ABSTRACT

BACKGROUND AND PURPOSE: Aneurysm growth has been related to higher rupture risk. A better understanding of the character-
istics related to growth may assist in the treatment decisions of unruptured intracranial aneurysms. This study aimed to identify
morphologic and hemodynamic characteristics associated with aneurysm growth and to determine whether these characteristics
deviate further from those of stable aneurysms after growth.

MATERIALS AND METHODS:We included 81 stable and 56 growing aneurysms. 3D vascular models were segmented on CTA, MRA,
or 3D rotational angiographic images. With these models, we performed computational fluid dynamics simulations. Morphologic
(size, size ratios, and shape) and hemodynamic (inflow, vorticity, shear stress, oscillatory shear index, flow instability) characteristics
were automatically calculated. We compared the characteristics between aneurysms that were stable and those that had grown at
baseline and final imaging. The significance level after Bonferroni correction was P, .002.

RESULTS: At baseline, no significant differences between aneurysms that were stable and those that had grown were detected
(P . .002). Significant differences between aneurysms that were stable and those that had grown were seen at the final imaging
for shear rate, aneurysm velocity, vorticity, and mean wall shear stress (P , .002). The latter was 11.5 (interquartile range, 5.4–18.8
dyne/cm2) compared with 17.5 (interquartile range, 11.2–29.9 dyne/cm2) in stable aneurysms (P 4 .001). Additionally, a trend toward
lower area weighted average Gaussian curvature in aneurysms that had grown was observed with a median of 6.0 (interquartile
range, 3.2–10.7 cm�2) compared with 10.4 (interquartile range, 5.0–21.2 cm�2) in stable aneurysms (P 4 .004).

CONCLUSIONS:Morphologic and hemodynamic characteristics at baseline were not associated with aneurysm growth in our popu-
lation. After growth, almost all indices increase toward values associated with higher rupture risks. Therefore, we stress the impor-
tance of longitudinal imaging and repeat risk assessment in unruptured aneurysms.

ABBREVIATIONS: CFD 4 computational fluid dynamics; CLL 4 core-line length; EI 4 ellipticity index; ELAPSS 4 Earlier subarachnoid hemorrhage, location
of the aneurysm, age, population, size, and shape of the aneurysm; GAA 4 area weighted average of the Gaussian curvature; IQR 4 interquartile range;
LSA 4 low shear stress area; OSI 4 oscillatory shear index; PHASES 4 Population, Hypertension, Age, Size, Earlier Subarachnoid Hemorrhage, and Site;
SizeR 4 size ratio; 3DRA 4 3D rotational angiography; VO 4 mean vorticity; VOR 4 volume-to-ostium ratio; WSS 4 wall shear stress

Intracranial aneurysm rupture often leads to death or severe dis-
ability. This imposes a considerable clinical and socio-economic

burden. Usually, aneurysms are asymptomatic until they rupture.
Due to improvement in and the increased use of imaging, an
increasing number of unruptured aneurysms are being detected.1

The decision to treat an unruptured aneurysm is difficult
because both the treatment risk and rupture risk must be consid-
ered. Treatment risk has already been studied extensively and is
dependent on the aneurysm location and size, patient age, and
clinical condition; for instance, older patients have a higher risk of
complications.2,3 The most used determinants for rupture risk are
size, location, and growth of the aneurysm.4 However, many SAHs
admitted to the hospital arise from small aneurysms.5,6 Therefore,
more characteristics are needed to improve the rupture risk assess-
ment. Several additional characteristics can be derived from
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imaging data for such an assessment. These characteristics have
been based on aneurysm morphology and hemodynamics.7-9

Nevertheless, the clinical applicability of these characteristics is still
limited.

Approximately 10% of aneurysms grow after detection.10

Studies have shown a higher rupture risk in growing aneur-
ysms.11 As a result, aneurysm growth gives a high motivation for
intervention. Yet, our understanding of the association between
aneurysmal growth and rupture-related characteristics is limited.
Recently, the ELAPSS score (Earlier subarachnoid hemorrhage,
location of the aneurysm, age, population, size, and shape of the
aneurysm) has been developed to estimate the 3- and 5-year risk
of aneurysm growth.12 This score incorporates patient character-
istics (age, population, previous SAH) and aneurysm characteris-
tics (size and location). Only a few studies have evaluated the
association of more morphologic characteristics with aneurysm
growth.13-15

Several studies have examined the relation between hemody-
namics and unstable (growing or symptomatic) aneurysms.16,17

These studies have shown a more concentrated area of high wall
shear stress (WSS) with more complex intra-aneurysmal flows in
unstable aneurysms. These differences have some similarities
with the differences between stable and ruptured aneurysms,
which show extreme high and low WSS and complex intra-
aneurysmal flow patterns with a high oscillatory shear stress in
ruptured aneurysms.16,18-20

Many of the studies evaluating the relation between hemody-
namics and aneurysm stability had inconclusive findings or
examined a small population. As a result, it is unknown whether
aneurysm growth is associated with hemodynamic characteris-
tics. Therefore, the primary aim of this study was to identify
morphologic and hemodynamic characteristics associated with
aneurysm growth. Because the rupture risk seems to increase
with aneurysm growth, we also evaluated the differences between
morphologic and hemodynamic characteristics of aneurysms that
are stable and those that have grown at last imaging, to determine
whether characteristics of aneurysms that are growing become
more similar to those of ruptured aneurysms.

MATERIALS AND METHODS
Population
We combined patients from 2 data bases. The first data base con-
sisted of all patients who presented with an unruptured intracra-
nial aneurysm at the Amsterdam UMC, Academic Medical
Center (Amsterdam), between 2012 and 2016, who had an MRA
before and after aneurysm growth.

The second data base consisted of patients from multiple hos-
pitals in the United States with an unruptured aneurysm. This
data base mostly consisted of patients from the Inova Fairfax
Hospital (Virginia), Mt. Sinai Medical Center (New York), and the
Mayo Clinic (Minnesota). Imaging consisted of 3D rotational an-
giography (3DRA) or CTA. For all cases, the imaging before and
after aneurysm growth was performed with the same technique.

Aneurysm growth was primarily evaluated by the local neuro-
radiologist. Growth was evaluated on the basis of the first and last
available imaging (duration of follow-up was 0.5–13 years).
Aneurysms were marked as growing when a change in size of at

least 0.5mm or a change in shape was seen. Aneurysms were
marked as stable when no size or shape change was seen.
Aneurysms with a total follow-up of ,1 year and not showing a
change in size or shape were excluded from this study. For the con-
trol group, we included all the stable cases in the second data base.
Imaging of the stable cases mostly consisted of 3DRA; 10 patients
had undergone CTA.

All images were anonymized. The requirement for informed
consent was waived by the local institutions review boards because
no diagnostics other than routine clinical imaging were used in
this study.

Computational Fluid Dynamics
Computational fluid dynamics (CFD) simulations were created
for all aneurysms. The first step was creating 3D vascular recon-
structions. To obtain these reconstructions, we performed segmen-
tation of the patient-specific vascular geometry and subsequently
created a tetrahedral mesh. The models based on MR imaging
were created with the Vascular Modeling Toolkit (www.vmtk.org;
Orobix, Bergamo, Italy); the models based on CTA and 3DRA
were created using in-house-developed software. The vessel seg-
mentation extended proximally to the ICA for anterior circulation
aneurysms and to the vertebral artery for posterior circulation
aneurysms. In 4 cases, the vertebral artery was not present in the
imaging FOV; for these cases, the segmentation started at the basi-
lar artery.

For all cases, growth was confirmed using 3D vascular recon-
structions. The models were manually aligned and evaluated for a
change in size and shape. An aneurysm was definitively catego-
rized as growing if a change of. 0.5mm was seen between base-
line and last imaging.

The aneurysm was isolated by manually identifying the aneu-
rysm neck. The position of the neck before and after growth was
compared and, if needed, was corrected to make sure the posi-
tioning was comparable in both vascular reconstructions.

No patient-specific inflow conditions were available. Therefore,
we used flow profiles based on phase-contrast MR imaging of
healthy subjects scaled with a power law to the area of the inflow
vessel.21 Outflow boundary conditions were prescribed accord-
ing to the Murray Law.22 The CFD simulations were subse-
quently performed using a previously described framework.23,24

Blood was modeled as an incompressible Newtonian fluid with a
viscosity of 0.04 dyne� s/cm and a density of 1.0 g/cm3. The ves-
sel walls were assumed to be rigid with a nonslip boundary. For
each simulation, 2 cardiac cycles were acquired. Only the last car-
diac cycle was used to characterize the aneurysm hemodynamics.

Aneurysm Characteristics
We analyzed 15 previously described morphologic and 12 hemo-
dynamic characteristics (Table 1). The morphologic characteris-
tics were related to size (size, neck diameter, volume, and parent
vessel diameter), size ratios (height-width ratio, size ratio [SizeR],
aspect ratio, bulge location, volume-to-ostium ratio [VOR], and
isoperimetric ratio), shape (ellipticity index [EI], nonsphericity
index, undulation index, and area weighted average of Gaussian
curvature [GAA]). These characteristics were calculated accord-
ing to previous work.25,26
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The determined hemodynamic characteristics were related to
aneurysm inflow (inflow concentration index), intrasaccular flow
(maximum velocity, mean vorticity [VO], mean shear rate, and
vortex core-line length [CLL]), flow instability (proper orthogo-
nal decomposition entropy), and aneurysm wall shear stress
(maximal, mean WSS, shear concentration index, low shear area
[LSA], and mean and maximum oscillatory shear index [OSI]).
These characteristics were calculated according to the methods
described by Mut et al.27

We also calculated the Population, Hypertension, Age, Size,
Earlier Subarachnoid Hemorrhage, and Site (PHASES)4 and
ELAPSS12 scores to estimate the risk of rupture and growth in the
population. The PHASES score consists of the population (Finnish,
Japanese, or other), the presence of hypertension, age, aneurysm
size, earlier SAH, and aneurysm location. The ELAPSS score con-
sists of earlier SAH, aneurysm location, age, population (Finnish,
Japanese, or other), and aneurysm shape and size. In most patients,
no data on hypertension and population were available. In these
patients, zero points were awarded for the missing values.

Statistical Analysis
Normality of the data was tested using a Shapiro-Wilk test.
Subsequently, normally distributed characteristics are reported as
mean6 SD, and non-normally distributed characteristics, as me-
dian and interquartile range (IQR, 25%–75%).

We evaluated the difference in morphologic and hemody-
namic characteristics between aneurysms that were stable and
those that had grown at baseline and follow-up using an unpaired
Student t test for normally distributed data. A Mann-Whitney U
test was performed in case of non-normally distributed data. To
prevent false discovery rates, we applied a Bonferroni correction

for multiple analyses on the same dependent variable. The
adjusted significance level was .002 (.05/27).

We visually compared the changes in morphology and hemo-
dynamics during growth by evaluating the ratio between stable
aneurysms and those that had grown. This ratio represents the
median values of the aneurysms that had grown over the median
values of the stable aneurysms.

RESULTS
We included 81 stable and 56 growing aneurysms. Patients with a
growing aneurysm were more often female compared with
patients with a stable aneurysm (86% compared with 65% in the
stable group; P 4 .004). Patients with growing aneurysms were
often younger (mean, 55 6 14 years) compared with patients
with stable aneurysms (mean, 59 6 18 years; P 4 .13). Between
the groups, there was no difference observed for aneurysm loca-
tion (Table 2). Both the PHASES and ELAPSS scores did not sig-
nificantly differ between aneurysms that were stable and those
that had grown (P 4 .05 and .13, respectively). Growing aneur-
ysms were significantly more frequently present in patients with a
previous SAH (P, .001). Figure 1 shows that the basilar and pos-
terior communicating arteries increase more in volume, com-
pared with the MCA and ICA.

Morphology
At baseline, there were no differences in morphologic characteris-
tics between growing and stable aneurysms. After growth, the
aneurysm size and volume were slightly larger compared with
stable aneurysms (P 4 .006 and P 4 .006, respectively). The
SizeR showed a trend toward higher values before growth,
which was significantly higher after growth (median, 1.38 [IQR,

Table 1: Description of morphologic and hemodynamic characteristics
Name Description Unit

Morphologic characteristics
Aneurysm volume Volume of the aneurysm cm3

Aneurysm size Maximum Euclidean distance of the aneurysm surface cm
Neck size Maximum Euclidean distance of the neck surface cm
Parent vessel diameter Diameter of the vessel nearest to the aneurysm neck cm
AR Aspect ratio; aneurysm height/neck size Ratio
HWR Height-to-width ratio; aneurysm height/aneurysm width Ratio
BF Bottleneck factor; aneurysm width/neck size Ratio
BL Bulge location; distance of plane with largest diameter from neck/aneurysm height Ratio
SizeR Size ratio Ratio
VOR Volume to ostium ratio; aneurysm volume/neck area Ratio
IPR Isoperimetric ratio; aneurysm area/aneurysm volume2/3 Ratio
UI Undulation index Index
EI Ellipticity index Index
NSI Nonsphericity index Index
GAA Area weighted average of the Gaussian curvature cm–2

Hemodynamic characteristics
ICI Inflow concentration index Index
SR Shear rate 1/s
VE Mean velocity cm/s
VO Mean vorticity 1/s
WSS Wall shear stress (time averaged mean and maximum) dyne/cm2

LSA Low shear stress area %
SCI Shear concentration index Index
OSI Oscilatory shear index (time averaged mean and maximum) Index
CLL Time-averaged vortex core-line length cm
PODE Proper orthogonal decomposition entropy
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1.07–2.04] for stable aneurysms versus median, 2.14 [IQR,
1.44–3.01] for aneurysms that had grown; P 4 .001).
Additionally, the GAA was slightly lower after growth with a
median of 6.0 (IQR, 3.2–10.7 cm�2) compared with 10.4 (IQR,
5.0–21.2 cm�2) in stable aneurysms (P 4 .003). The values of
all morphologic characteristics are shown in Table 3.

Hemodynamics
At baseline, there were no significant differences in hemody-
namic characteristics between aneurysms that were stable and
those that had grown. However, a trend toward a lower maxi-
mum WSS was seen (mean: 149.5; [IQR, 107.6–194.5 dyne/cm2]
in growing versus mean: 175.2 [IQR, 126.8–239.2 dyne/cm2] in
stable aneurysms; P 4 .03). After growth, several hemodynamic
characteristics were significantly different from those in stable
aneurysms: The shear rate, VO, and meanWSS were significantly
lower (Table 2). For instance, median of the mean WSS was 11.5

(IQR, 5.4–18.8 dyne/cm2) compared
with 17.5 (IQR, 11.2–29.9 dyne/cm2) in
stable aneurysms (P = .001). Additionally,
a trend was seen after growth toward
a different mean intra-aneurysmal
velocity, LSA, and maximum WSS
between aneurysms that were stable
and those that had grown.

As shown in Fig 2, after growth,
most characteristics differ more from
those of the stable aneurysms. Chara-
cteristics that are higher in growing
than stable aneurysms at baseline
increase, while characteristics that are
lower at baseline decrease. There are a
few exceptions: the CLL, maximum
OSI, proper orthogonal decomposition
entropy, and undulation index. While
the OSI is slightly lower compared
with stable aneurysms at baseline, it
increases after growth. Similarly, the
undulation index decreases.

The boxplots in Fig 3 show that the
differences in some of the variables
(LSA and CLL) depend on location;
for instance, a much larger variation
in CLL is seen in the locations with
a higher risk of growth according to
the ELAPSS score. The LSA shows
increasingly higher values in grown
aneurysms at high-risk locations for
rupture and growth according to the
PHASES score, while aneurysms at
low-risk locations show smaller dif-
ferences between aneurysms that are
stable and those that have grown.

DISCUSSION
In our population, we could not iden-
tify growing aneurysms on the basis

of morphologic and hemodynamic characteristics at baseline
because there were minimal differences between aneurysms that
were stable and those that had grown. Nevertheless, after growth,
the characteristics of grown aneurysms differed more from those
of stable aneurysms.

The growth rates in our study were similar to previous
reported growth rates.28 Some researchers have assumed that
growth is not a continuous process but irregular and discontinu-
ous.29 Specific triggers might initiate aneurysm growth, such as
inflammation. Therefore, the baseline images might represent
aneurysms still in their stable form.

In contrast to previous studies, our study showed small differ-
ences at baseline. Previous studies have shown that growing
aneurysms tend to have more complex intra-aneurysmal flow
patterns at baseline with larger areas of lowWSS and a more con-
centrated inflow.16,17 Although we observed differences after
growth, these were not seen at baseline. The smaller aneurysm

Table 2: Baseline and hemodynamic characteristics for each group

Stable
Aneurysms

Growing
Aneurysms:
Baseline

Grown
Aneurysms:
Follow-Up
Imaging

No. 81 56 56
Sex b

Male 11 (14%) 7 (12%)
Female 53 (65%) 48 (86%)
Unknown 17 (21%) 1 (2%)

Artery (%)
ACA 5 (6%) 1 (2%)
AcomA 8 (10%) 8 (14%)
ICA 37 (46%) 18 (32%)
MCA 16 (20%) 19 (34%)
PcomA 12 (15%) 3 (5%)
Posterior circulation 3 (3%) 7 (13%)

Previous SAH = yes (%) 2 (2%) 14 (25%)a

Configuration = lateral (%) 33 (41%) 18 (32%)
Age (mean) (SD) (yr) 59 (18) 55 (14) 59 (13)
PHASES (mean) (SD) 3 (2) 4 (3)c 5 (3)a

Without hypertension and
population

3 (3) 4 (3) 5 (3)c

ELAPSS (mean) (SD) 14 (6) 15 (7) 17 (6)b

Without population 14 (6) 15 (7) 17 (6)b

Hemodynamic characteristics
ICI (median) (IQR) 0.4 (0.2–1.0) 0.5 (0.3–1.2) 0.6 (0.3–1.2)
SR (median) (IQR) (1/s) 207.3 (124.0–317.5) 190.1 (67.8–273.7) 126.3 (65.1–177.0)a

VE (median) (IQR) (cm/s) 9.4 (5.9–13.6) 8.0 (4.6–11.4) 6.6 (3.8–10.2)b

VO (median) (IQR) (1/s) 270.5 (165.5–416.2) 256.9 (93.9–384.5) 177.5 (88.3–255.0)a

Max WSS (median) (IQR)
(dyne/cm2)

175.2 (126.8–239.2) 149.5 (107.6–194.5)c 146.8 (94.7–186.1)b

Mean WSS (median) (IQR)
(dyne/cm2)

17.5 (11.2–29.9) 16.5 (6.5–24.2) 11.5 (5.4–18.8)a

LSA (median) (IQR) (%) 54 (29–74) 53 (31–77) 68 (50–89)c

SCI (median) (IQR) 3.2 (1.9–4.6) 2.7 (1.0–4.2) 3.2 (0.2–5.7)
Max OSI (median) (IQR) 0.3 (0.1–0.4) 0.2 (0.2–0.4) 0.3 (0.2–0.4)
Mean OSI (median) (IQR) 0.01 (0.01–0.01) 0.01 (0.0–0.01) 0.01 (0.01–0.02)
CLL (median) (IQR) 0.7 (0.2–1.4) 0.6 (0.4–1.5) 1.1 (0.5–2.0)c

PODE (median) (IQR) 0.1 (0.1–0.2) 0.1 (0.1–0.2) 0.2 (0.1–0.3)

Note:–ACA indicates anterior cerebral artery; AcomA, anterior communicating artery; PcomA, posterior communi-
cating artery; Q, flow rate; ICI, inflow concentration index; SR, mean aneurysm shear rate; SCI, shear concentration
index; max, maximum. P-value compared to stable aneurysms.
a P, .001.
b P, .02.
c P, .05.
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sizes and size ratios in our population
likely result in fewer vortices and
complex flow patterns.30 Additionally,
Chung et al16 controlled for location,
sex, and age. Although these did not
significantly differ within our study,
the location might play an important
role because anterior communicating
artery aneurysms might be influenced
differently by the hemodynamic envi-
ronment compared with MCA aneur-
ysms. A multivariable analysis could
further elucidate these differences.
However, a larger sample size is needed
because according to recommenda-
tions, 10–20 cases per independent
variable are needed to acquire a reli-
able result.31 Combining the most
relevant population characteristics,
the variables with a P value , .05,
would lead to 20 independent varia-
bles, needing at least 200 patients per
group. Similarly, due to the number

FIG 1. Boxplot showing the growth rate per aneurysm location. ACA indicates anterior cerebral artery; PcomA, posterior communicating artery;
AcomA, anterior communicating artery; BA, basilar artery; SCA, superior cerebellar artery; VA, vertebral artery.

Table 3: Morphologic characteristics for each group

Stable
Aneurysms

Growing
Aneurysms:
Baseline

Grown Aneurysms:
Follow-Up Imaging

No. 81 56 56
Aneurysm volume
(median) (IQR) (cm)

0.02 (0.01–0.11) 0.03 (0.01–0.12) 0.05 (0.02–0.19)b

Aneurysm size (median) (IQR)
(cm)

0.53 (0.36–0.76) 0.53 (0.41–0.81) 0.64 (0.46–0.97)b

Neck size (median) (IQR) (cm) 0.42 (0.30–0.55) 0.43 (0.33–0.62) 0.48 (0.38–0.69)b

Parent vessel diameter
(median) (IQR) (cm)

0.37 (0.29–0.45) 0.33 (0.28–0.38)b 0.33 (0.28–0.38)b

AR (median) (IQR) 0.73 (0.53–1.10) 0.76 (0.56–0.95) 0.88 (0.71–1.08)c

HWR (median) (IQR) 0.82 (0.64–0.97) 0.84 (0.70–0.95) 0.90 (0.80–1.08)b

BF (median) (IQR) 1.00 (0.87–1.25) 1.03 (0.89–1.25) 1.15 (0.97–1.32)c

BL (median) (IQR) 0.30 (0.13–0.44) 0.32 (0.16–0.45) 0.39 (0.26–0.48)b

SizeR (median) (IQR) 0.37 (0.29–0.45) 1.82 (1.12–2.49) 2.14 (1.44–3.01)a

VOR (median) (IQR) 1.38 (1.07–2.04) 0.25 (0.14–0.59) 0.35 (0.20–0.89)b

IPR (median) (IQR) 0.22 (0.10–0.67) 4.71 (4.60–4.85) 4.71 (4.61–4.93)
UI (median) (IQR) 4.74 (4.61–4.90) 0.23 (0.14–0.36) 0.19 (0.13–0.27)
EI (median) (IQR) 0.21 (0.14–0.35) 0.26 (0.25–0.28) 0.26 (0.24–0.27)
NSI (median) (IQR) 0.26 (0.25–0.29) 0.19 (0.17–0.21) 0.19 (0.17–0.22)
GAA (median) (IQR) (cm–2) 10.4 (5.0–21.2) 8.7 (4.4–15.9) 6.0 (3.2–10.7)b

Note:–P-value compared with stable aneurysms.
a P, .001.
b P, .02.
c P, .05.
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of characteristics, this study required correction for multiple
testing. Larger sample sizes increase the ability to detect the dif-
ferences and thus would not require such a correction.

After growth, almost all characteristics deviated further from
those in stable aneurysms, indicating an association between
these characteristics and instability. Additionally, several charac-
teristics coincided with rupture-related characteristics, such as
more complex flows, a lower mean WSS, a larger LSA, and vis-
cous energy loss.7,16,17,20,32,33 Because the hemodynamic environ-
ment is more similar to ruptured intracranial aneurysms after
growth, this feature might indicate why growing aneurysms have
a higher rupture risk.11 Ruptured aneurysms have also been
related to a higher maximum WSS and OSI, a trend that was not
seen on follow-up imaging of the aneurysms that grew in our
population. Sforza et al17 also did not observe a significantly
higher WSS and OSI in aneurysms that had gown. Therefore, it
has been proposed that aneurysm growth occurs at regions
of low WSS.18,34 We observed a trend toward larger areas of
low WSS after growth; however, this trend seems significant
in high-risk locations for growth and rupture (communicat-
ing arteries and posterior circulation). Therefore, although

similarities in the hemodynamic environment exist between
aneurysms that have ruptured and those that have grown, the
differences might show different underlying mechanisms
between growth and rupture. A low wall shear stress is associ-
ated with inflammation and atherosclerosis, while high shear
stresses are associated with mural cell destruction and flow
impingment.18 Thus low shear stresses likely cause aneurysms
to remodel and repair, while high shear stresses causes the wall
to degenerate and rupture.

The PHASES score has been developed to predict rupture,4

and more recently, it has also been shown to be associated with
aneurysm growth.35 Consistent with these studies, the growing
aneurysms in our study showed higher PHASES scores at base-
line. Nevertheless, the baseline ELAPSS scores—developed to
predict growth12—did not significantly differ between growing
and stable aneurysms in our study. The main differences between
these scores is that the ELAPSS includes irregularity and has dif-
ferent weights for the prediction model for location and size. Our
presented population had similar sizes, ages, and irregularity at
baseline for growing and stable aneurysms, which likely resulted
in similar ELAPSS scores.

FIG 2. Dumbbell plot depicting the ratio between the median value of growing and stable aneurysms at baseline (blue) and last imaging (red).
Characteristics are sorted according to baseline size. ICI indicates inflow concentration index; SR, mean aneurysm shear rate; VE, mean aneurysm
velocity; SCI, shear concentration index; AR, aspect ratio; BF, bottleneck factor; BL, bulge location; IPR, isoperimetric ratio; UI, undulation index;
NSI, nonsphericity index; Avol, aneurysm Volume; Nsize, Neck Size; HWR, height-to-width ratio; Asize, Aneurysm Size; podent, proper orthogo-
nal decomposition entropy; max, maximum; Vdiam, Vessel diameter; corlean, core line length.
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This study has several limitations. First, a selection bias is
present because this study only included aneurysms with longitu-
dinal data. Therefore, the aneurysms in this study likely had a
low rupture risk because aneurysms considered to be at high
risk are treated at a short notice. However, the presented cases
do give information on the course of untreated aneurysms.
Additionally, due to the limited resolution of the CTA and
MRA images (approximately 0.5mm), some cases with little
growth (,0.5mm) might be missed. Most studies of aneurysm
growth only assess growth .0.5 or 1mm.12,15 Therefore, this
study also had 0.5mm as a lower limit for growth.

Second, the accuracy of the CFD model is highly dependent
on the segmentations. This study used multiple imaging methods
to acquire all the patient-specific segmentations. To optimize the
comparability between baseline and follow-up imaging of grow-
ing aneurysms, the same imaging technique was used for both
time points. All segmentations were visually inspected and cor-
rected to make sure inflow and outflow vessels were similar in
size at both time points. The vascular models of stable cases were
mostly based on 3DRA, while CTA and MRA were used for
growing aneurysms. Because 3DRA is an invasive method, it is
not often used in follow-up imaging, resulting in the differences
among groups. Every imaging technique has some systematic
errors;36 as a result, each segmentation method was tailored to
the imaging technique. Differences between techniques were
minimized by manually checking and correcting each segmenta-
tion. However, we observed slight-but-insignificant lower parent

vessel diameters in growing aneurysms, especially in the MRA
images. These differences could reflect actual size differences but
are more likely due to the different imaging resolutions and
methods. Previous studies have reported similar differences
between imaging modalities; comparing time-of-flight MRA with
digital subtraction angiography has shown smaller diameters in
the MRA images.37-39 This systematic error could influence dif-
ferences between aneurysms that were stable and those that had
grown, leading to lower flow conditions in growing aneurysms
because these were mostly imaged with MRA.

Additionally, the CFD models are based on several assump-
tions and approximations about intra-aneurysmal flow and
resulting hemodynamic characteristics. For instance, because no
patient-specific flow conditions were available, we used typical
flow waveforms derived from healthy volunteers. Previous studies
have shown that the patient-specific inflows and the complete-
ness of the circle of Willis could significantly influence the inflow
rates.40,41 For instance, lower basilar flow rates were observed
with hypoplastic or absent P1 arteries. For anterior communicat-
ing artery aneurysms, we imposed flow conditions at both ICAs;
thus, the effect of a hypoplastic or absent A1 segment was
included into the model. However, we did not take into account
the influence of a hypoplastic or absent P1. Only a small propor-
tion of the patients in our dataset had a posterior aneurysm, and
because the P1 was missing in only some patients, it is expected
that the change in inflow had a minor influence on the presented
results.

FIG 3. Boxplot comparing core-line length (left) and low shear area (right) in the different location categories according to the ELAPSS (upper
row) and PHASES (lower row) scores. ACA indicates anterior cerebral artery; PcomA, posterior communicating artery; AcomA, anterior commu-
nicating artery.
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CONCLUSIONS
No association was found between morphologic and hemody-
namic characteristics and aneurysm growth at baseline. However,
after growth, the differences in morphology and hemodynamics
between aneurysms that have grown and those that are stable
increased. Therefore, aneurysms that have grown likely have a
higher rupture risk.
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